Abstract-A simple structure for achieving a low mutual coupling between two inverted-F antennas is presented. The low coupling between the antennas is obtained by using two slits on the ground plane. As a result, the interval between the antennas can be shorter than λ/8. Furthermore, this technique can be combined with other techniques. This is good for designing small handsets which allow shorter intervals between antennas. In this paper, the authors present a slitted ground structure and consider the mechanism of the structure where a mutual coupling of −35 dB can be achieved using the slitted ground plane.
INTRODUCTION
High-speed mobile telecommunications with wireless technologies have been getting popular in recent years. In those technologies, such as MIMO (Multiple-Input Multipule-Output) or LTE (Long Term Evolution), antennas should be arrayed with a low mutual coupling so as to achieve sufficient channel capacity. Several techniques have been presented to reduce mutual coupling between antenna elements, i.e. decoupling, at around the resonance frequency. In [1] [2] [3] [4] , the EBG (Electromagnetic Band Gap) structures or metasurfaces have been installed between antenna elements. Using coupling elements is another technique to reduce the coupling [5, 6] . Installing a network is also a good candidate [7] . In addition to this, neutralization techniques have been proposed [8] [9] [10] [11] . In those technologies, two antenna elements are connected with a metallic line or circuits for decoupling the antennas.
As mentioned above, several types of techniques for decoupling have been proposed. However, most of them require a complicated procedure to design. Having slots or slits on the ground plane is a simple and effective technique for reducing the mutual coupling [12] [13] [14] . In [12] , slot stubs in the ground plane have been arrayed so as to make a band rejection filter to check the current on the ground plane. As shown in [13] , control of the current on the ground using a slot is effective to reduce the coupling. In [14] , two parallel slots resonated with a length of λ/2 are installed to reduce the coupling.
Considering the simplicity of slitted ground structures, the authors propose a slitted structure with λ/2 and discuss results of comprehensive studies on the decoupling mechanism in the slitted ground structure. This technique also controls the current on the ground. The consideration about this behavior may give a hint to advance and design other decoupling structures. Moreover, the slitted ground structure can be combined with other techniques for decoupling [15] . This is a merit of the slitted structure for enhancing the decoupling between antennas with shorter intervals. Figure 1 shows the geometry of the proposed array structure. The structure consists of two inverted-F antenna elements and a slitted ground plane with a fixed dimension of 40 mm × 100 mm × 0.3 mm. The ground plane are slitted with two slits having dimensions of
STRUCTURE
In other words, each inverted F antenna with a ground plane has been connected with a short line having a dimension of L x = 6 mm × L y = 7 mm. This short line is installed at a position of L s from the ground edge by the antenna elements. A test frequency of 2 GHz is chosen, and an antenna interval of g is basically fixed at λ/8 for the test frequency. In the following sections, Ansoft HFSS ver.11 has been used for obtaining the simulated results.
EFFECT OF THE SLITTED GROUND STRUCTURE
The effect of the slitted structure is compared among three cases. For case (a), the two antennas are installed on a non-slitted ground plane with the dimension of 40 mm × 100 mm × 0.3 mm. For case (b), each antenna has a separated ground plane where the connecting short line shown in Figure 1 has been removed. Furthermore, case (c) is the proposed structure which has been shown in the Figure 1 with the slitted ground plane. The simulated S 11 characteristics and simulated S 21 , the coupling between the antennas, are shown in Figure 2 where the three cases are also shown. From the results, only case (c) shows the decoupling effect with the minimized S 21 at around 2.05 GHz where the sufficient matching to 50 Ω are achieved. In other cases, (a) and (b), the S 21 characteristics show coupling with a peak of each curve at around the frequencies where the S 11 characteristics are minimized. As a result, we can find that the slitted (or connected) ground structure (c) is effective for decoupling between the antennas.
The simulated results for case (c) are compared with measured results. Figure 3 is a photograph of the fabricated structure, where all dimensions are the same as those in Figure 1 . In this figure, the metallic materials are copper, and SMA connectors (not shown in the photo) are installed behind the ground. Figure 4 shows the simulated and measured S 11 and S 21 characteristics of the proposed structure (case (c)). Around the frequency band where |S 11 | < −10 dB, we can observe the decoupling effect in the measurement showing a good agreement with the simulated results. However, the measured S 21 is higher than the simulated ones except this decoupling frequency, because of the coupling between the coaxial cables connected to the feed points, respectively.
The antenna correlation is an important parameter for evaluating MIMO antennas. There are two well-known approaches for calculating the correlation. One is based on the radiation pattern in the far field [16] , and the other is based on the S-parameters obtained at the antenna terminals [17, 18] . In this paper, the antenna correlation ρ is calculated based on the latter method using S-parameters as follows:
where the * mark denotes the complex conjugate. In this equation, S 11 = S 22 and S 21 = S 12 can be assumed for the present structure. For the proposed structure, Figure 5 shows the simulated correlation coefficient ρ with respect to frequency. At the resonant frequency around 2.05 GHz, the simulated ρ is much smaller than 0.001. This antenna system is available for the frequency from approximately 1.98 GHz to 2.08 GHz (simulated |S 11 | < −10 dB). In this frequency range, ρ value is less than 0.04. This behavior shows sufficiently low correlation referencing the discussions in [16] [17] [18] [19] .
DECOUPLING MECHANISM

Parametric Studies
For understanding the decoupling mechanism in the proposed structure, this section provides, at first, some parametric studies where default structural parameters are assumed as shown in Figure 1 except the variable parameter. Figure 6 shows the effect of slit length L s . With an increase in L s from 71 mm to 75 mm, decoupling frequency with minimized S 21 is shifted higher. In addition, S 21 is minimized maximally when L s = 73 mm corresponding to λ/2. As a result, the L s should be chosen as around λ/2 for obtaining an effective decoupling effect. The effects of dimensions in the connecting short line L x and L y are presented as shown in Figures 7(a) and (b) . According to the results, we can see that there is the most suitable value on each parameter. These dimensions are related to the current density on the short line, in other words, these dimensions decide the impedance at the end of the longer slit with L s . As mentioned above, we can conclude that the decoupling effect is related to the dimensions of L s , L x and L y .
Current and Field Distributions
For further discussions, a current distribution at respective resonant frequency is shown in Figure 8 for structures (a), (b) and (c) in Figure 2 . In these figures, the antenna 1 on the left is fed, but the antenna 2 on the right is terminated by a 50-Ω load at the feeding point.
Strong current from antenna 1 reaches antenna 2 in structure (a), which results in the coupling between the antennas. In structure (b), the current on the left ground with antenna 1 is concentrating on both ground edges. On the other ground with antenna 2, strong current is coupled with the current on the left ground flowing in the opposite direction along the left edge. This current on the right ground leads (a) (b) (c) Figure 8 . Current distribution on (a) the common ground for the antennas, (b) the separated grounds, and (c) the proposed slitted ground structure.
to the coupling between both antennas. On the other hand, structure (c) shows a different behavior. Strong current can be observed on the connecting short line in addition to antenna 1. The short line has a narrow width so that the current can concentrate here with high density. Considering the slit length of λ/2, current must be concentrated along two lines. One is the connecting short line. This connecting line is located too far from the antennas to couple them. The other line must be an assumed straight line connecting the feed points of the antennas; however, there is no such a metallic line in the slit. Therefore, mutual coupling between the antennas can be avoided since strong current path to connect the antennas cannot exist on the grounds.
For making further comprehension, the difference between (b) (c) Figure 9 . Distribution of electric field in the slits with (b) the separated grounds and (c) the slitted ground structure. Figure 8 can be discussed with regard to the electric field (e-field). Figure 9 shows the distributions of electric field in the slit. In both structures, the e-fields have a sinusoidal distribution of strength with respect to the y direction. However, in structure (b) with the separated grounds, strong e-field can be observed in the vicinity of the two antennas. This indicates that the two antennas can be coupled capacitively.
structures (b) and (c) in
In structure (c), e-field is weak around the feed points since the feed points are located having a distance of λ/2 from the short line. We can conclude that this behavior around the feed points also yields the decoupling effect.
Finally, the interval g between the antenna is analyzed. Figure 10 E , φ=0 , θ=0 ~360 shows the variation in S 21 with g. In this paper, g has been basically fixed as λ/8 in all discussions. According to the figure, the coupling is still low when g = 12.75 mm (< 0.1λ). However, when g is around 8.75 mm ( 0.058λ), the coupling has not been suppressed sufficiently.
RADIATION PATTERNS
Radiation patterns at the resonant frequency are simulated and measured. The results are shown in Figure 11 . In the measurement, antenna 1 in Figure 1 is fed by a coaxial cable, and the feeding point of antenna 2 is terminated with a 50-Ω load. Although we have installed a balun on the feeding cable during all experiments in this paper, the radiation patterns have been affected by the current on the coaxiation cable for this size of the ground plane. Therefore, as seen in Figures 11(a) and (b), we can see a little difference between the simulated and measured results. In addition to this, the fabrication error of the inverted-F antenna may be another reason for the difference. However, in Figures 11(c) and (d), good agreements can be observed between the simulated and measured results.
CONCLUSIONS
A decoupling technique between antennas using a slitted ground structure has been presented and analyzed. This structure has a merit that it could be minimized furthermore using a meandered slit on the ground. Moreover, even for a narrower interval between antenna elements, sufficiently low coupling may be achieved using a combination of the presented principle with another decoupling technique. As a result, we can expect antenna arrays with low coupling in smaller structures for handsets or terminals. The analyzed results may give a good hint in developing other decoupling techniques.
